The topology of the integral membrane protein MaWF, which is required for maltose transport in Escherichia coli, has been analyzed using fusions of alkaline phosphatase (EC 3.1.3.1). The properties of such fusion strains support a MaIF structure previously proposed on theoretical grounds. Several transmembrane segments within MalF can act as signal sequences in exporting alkaline phosphatase. Other transmembrane sequences, in conjunction with cytoplasmic domains, can stably anchor alkaline phosphatase in the cytoplasm. Our results suggest that features of the amino acid sequence (possibly the positively charged amino acids) of the cytoplasmic domains of membrane proteins are important in anchoring these domains in the cytoplasm. These studies in conjunction with our earlier results show that alkaline phosphatase fusions to membrane proteins cab be an important aid in analyzing membrane topology and its determinants.
act as signal sequences in exporting alkaline phosphatase. Other transmembrane sequences, in conjunction with cytoplasmic domains, can stably anchor alkaline phosphatase in the cytoplasm. Our results suggest that features of the amino acid sequence (possibly the positively charged amino acids) of the cytoplasmic domains of membrane proteins are important in anchoring these domains in the cytoplasm. These studies in conjunction with our earlier results show that alkaline phosphatase fusions to membrane proteins cab be an important aid in analyzing membrane topology and its determinants.
We recently described a genetic approach to analyzing the topology of integral membrane proteins (1) . Using a membrane protein with a relatively simple and well-defined structure (the tsr-encoded serine chemoreceptor of Escherichia coli), we showed that the properties of alkaline phosphatase (EC 3.1.3.1) fusions to the protein correlated with its topology. Alkaline phosphatase fused to the extracytoplasmic (periplasmic) domain of Tsr protein exhibited high alkaline phosphatase enzymatic activity. Alkaline phosphatase fused to the cytoplasmic domain of the protein showed very low enzymatic activity. This strict correlation of the enzymatic activities of hybrid proteins with the cellular location of the domain to which alkaline phosphatase was fused suggested that this fusion approach could be used to determine the topologies of proteins of unknown disposition in the membrane.
In this paper, we present experiments that extend this approach to a membrane protein of complex topology. This protein, the malF gene product, is required for maltose transport in E. coli (2) . The DNA sequence of the malF gene revealed the existence of eight possible transmembrane sequences within the protein (3) . These putative transmembrane segments are composed of stretches of 20 or more amino acids that are uncharged and have a high proportion of hydrophobic amino acids.
The amino acid sequence of MaIF suggested the model (shown below) for the arrangement of the protein in the membrane (3) . The transmembrane segments of MalF protein in the model correspond to the hydrophobic sequences. The amino terminus of MalF was positioned in the cytoplasm because of a cluster of positively charged amino acids that precedes the first presumed transmembrane segment. von Heijne (4) has shown that the charge distribution around transmembrane segments is such that there is usually a net positive charge at the cytoplasmic end of such stretches. The representation of the fourth and seventh transmembrane segments implies nothing about their actual structure but simply reflects the longer lengths of the hydrophobic stretches in these two cases. Support for this structure for MalF comes from studies on fusions of f3-galactosidase to the MalF protein (5) .
In this paper, we describe experiments that show that fusions of alkaline phosphatase to the MalF protein have properties that are consistent with the proposed structures. These results indicate that the alkaline phosphatase fusion approach can be a useful aid in analyzing the membrane arrangement of proteins of complex as well as simple topologies. pDHB32/DHB24 were isolated using X TnphoA as described (17) , except that 5 x 108 phage particles were used to infect 2 x 109 cells in 5 ml of LB broth. After 1 hr at 370C, the culture was diluted into 100 ml of LB broth containing kanamycin (30 ,ug/ml) and ampicillin (100 kkg/ml) and was divided into 50 aliquots, which were incubated overnight at 370C. Phage fMR1 (18) lysates were prepared from 0.1 ml aliquots of each of the 50 independent, resistant cultures as described (15 Oligonucleotide-directed deletion mutagenesis and insertion of fusions onto the chromosome. A precise deletion was generated in a parental malG-phoA fusion plasmid by elongating a deletion primer using a single-stranded plasmid DNA template prior to digestion of the single-stranded loop with a single-strand specific endonuclease followed by transformation. For further analysis of each fusion thus generated, the plasmid replication origin, ori, was deleted from plasmid DNA using the BamHI and Ava I sites shown. This generates a plasmid that uses the M13 phage origin for autonomous replication and must insert into the chromosome to transform stably a host not expressing M13 gene II protein. The plasmid shown has the tac promoter (Ptac) (13) , malF, a TnphoA fusion to maIG, the Sal I/Xho I site where most of the TnphoA DNA has been deleted, the bla gene of pBR322, the M13 intergenic region (I.G.) (14) , and the pBR322 replicative origin.
MATERIALS AND METHODS

Bacteria
fusions are isogenic to those generated by TnphoA transposition, we synthesized 43-to 48-mer oligonucleotides with 23 residues complementary to the 5' end of TnphoA and the rest complementary to the target site in malF. [The oligonucleotides were prepared by Steve Lin on Applied Biosystems (Foster City, CA) apparatus.] Oligonucleotides were phosphorylated with T4 polynucleotide kinase, and 40 ng was annealed to 2 Ag of single-stranded DNA prepared from an fIlR1 phage lysate grown on a strain containing the parent fusion plasmid (Fig. 1) . The oligonucleotide primer was extended by incubation for 2 hr at 370C with T4 DNA polymerase, T4 gene 32 protein, and T4 DNA ligase (20) . DNA remaining single stranded was digested with mung bean nuclease. Between 1% and 50o ofthe transformants obtained in DHB24 contained plasmids with the new fusion.
Recombination of Fusions into the Chromosome. A derivative of each of the pDHB32 fusion plasmids was constructed in which the plasmid replicative origin was deleted using restriction endonucleases BamHI and Ava I as shown in Fig.  1 . DNA molecules that contain the M13 intergenic region but have no plasmid replicative origin can be maintained as plasmids in strains (such as DHB5060) that express the M13 gene II protein (9) . Origin deletion plasmid DNA containing each fusion was prepared from a DHB5060 derivative and used to transform DHB4 by selecting resistance to ampicillin (25 ,ug/ml). The transformants, which were obtained at a frequency about 10-6 of that expected for origin-containing plasmid DNA, appear to have one or more copies of the originless plasmid integrated by recombination at the phoA locus on the chromosome. Integrated plasmids were stabilized by transduction of recA::cat into the strains. The number of integrated plasmids in some of these strains was determined to be only one by testing flIR1 lysates prepared on them for transducing particles. Strains with two or more originless plasmids integrated at phoA package transducing particles efficiently, whereas those with only one originless plasmid package fewer (by a factor of 10-6) transducing particles (unpublished results).
Proteolysis and Fractionation. Osmotic shock fractionation was carried out as described (1) except for the differences noted below. Exponential cultures were induced with 5 mM isopropyl-f3-D-thiogalactoside (Bachem, Torrance, CA) for 30 min before washing. They were then pulse labeled with 60 ,uCi of [35S]methionine per ml (106 Ci/mol; Amersham; 1 Ci = 37 GBq) for 1 min and were incubated in the presence of unlabeled methionine for 10 min. Washed cells were resuspended in spheroplast buffer (0.1 M Tris HCl, pH 8/0.5 M sucrose/0.5 mM EDTA), incubated 5 min on ice, and centrifuged. The pellet was warmed to room temperature, resuspended in ice-cold water with or without trypsin (type XIII, Sigma), incubated for 5 min on ice, and separated into periplasmic and cellular (membranes plus cytoplasm) fractions by centrifugation in the presence of 0.5 mM phenylmethylsulfonyl fluoride (Sigma). The two fractions were then precipitated with trichloroacetic acid and were analyzed by immunoprecipitation and sodium dodecylsulfate polyacrylamide gel elecrophoresis (NaDodSO4/PAGE) (6). Parallel unlabeled preparations were assayed to determine the fractionation of alkaline phosphatase activity (16) and a cytoplasmic marker, glucose-6-phosphatase dehydrogenase activity (21) .
RESULTS
In Vivo Fusions and Properties. We have isolated malF-phoA gene fusions after transposition of the transposon TnphoA into plasmids carrying malF (see Materials and Methods). Transposition events resulting in significant alkaline phosphatase activity were identified by the formation of pale blue to dark blue colonies on media containing the indicator dye 5-chloro-3-bromo-indolyl phosphate. To determine the sites of fusion of alkaline phosphatase to MalF, plasmids were analyzed by restriction mapping and by DNA sequencing. In addition, levels of alkaline phosphatase activity in permeabilized cells carrying the fusion plasmid were assayed. Finally, the amounts and stabilities of the hybrid proteins were analyzed by precipitation with anti-alkaline phosphatase antibody and NaDodSO4/PAGE.
The results of these studies are summarized in Fig. 2 We have used oligonucleotide-directed deletion mutagenesis to construct the set of fusions. This was done in the following way (see Fig. 1 ). We began with either a late maiFphoA fusion or a malG-phoA fusion (unpublished results).
(The ,naIG gene is distal to malF in an operon, and part of it is present in the plasmid used.) Oligonucleotides were synthesized that contained 23 nucleotides of the end of TnphoA that generates the fusion and 20-25 nucleotides of the target sequence in malF. These oligonucleotides were used to prime second-strand synthesis with a single-stranded parental template. Such fusions are isogenic to those obtained by transposition of TnphoA in the sense that they substitute exactly the same fusion joint sequence at different points in malF. This technique was used to generate fusions 0-55, 11-175, 11-205, IV-958, VI-1177, VI-1249, and VIII-1548 (see Fig. 2 ).
We determined the alkaline phosphatase activity of these fusions. Because the particular plasmid we used was unstable and this instability interfered with accurate comparison of the activity of different fusions, we recombined all of the inframe fusions onto the chromosome. The results of assays of these fusions are summarized in Fig. 2 has alkaline phosphatase fused to the carboxyl-terminal amino acid of MaIF has a MalF' phenotype, whereas all other fusions are MalF-. Proteolysis and Fractionation. The similar alkaline phosphatase activities of different fusions to presumed periplasmic domains of MaIF suggest that the active moieties of these fusion proteins have the same specific activity and that they are positioned in the periplasm, presumably on the periplasmic face of the inner membrane. To test this supposition, labeled cells of one fusion strain were subjected to osmotic shock in the presence of trypsin. This treatment releases the periplasm and makes the outer face of the cytoplasmic membrane accessible to trypsin. Wild-type alkaline phosphatase activity is resistant to trypsin, although the protein is cleaved at a site near the amino terminus (22) . Mild trypsin treatment released 86% of the alkaline phosphatase activity of fusion 3-826 from shocked cells. At the same time, less than 15% of the activity of glucose-6-phosphate dehydrogenase, a cytoplasmic protein, was lost from the cells. Analysis of the labeled protein by immunoprecipitation with antialkaline phosphatase antiserum and NaDodSO4/PAGE shows a prominent fusion-protein-sized band in the cellular (cytoplasm plus membrane) fraction from untreated cells (Fig. 3) . This band is also present in cells treated with trypsin in the presence of the protease inhibitor phenylmethylsulfonyl fluoride (not shown). This band is missing from the cellular fraction of cells treated with trypsin, which instead shows a prominent alkaline-phosphatase-sized band in the periplasmic fraction. 3-Galactosidase was also identified by immunoprecipitation and recovered in the cellular fractions of both treated and untreated cultures (Fig. 3) . These results indicate that the alkaline moiety of the fusion protein is predominantly localized at the outer face of the inner membrane.
DISCUSSION
In this paper we have extended the alkaline phosphatase fusion approach for analyzing membrane protein topology to a complex membrane protein, MalF. The model for MalF topology proposed in Fig. 2 galactosidase fusions to MalF are consistent with this model (5) . Properties of alkaline phosphatase fusions to MalF follow a relatively simple pattern, which is also consistent with the proposed structure. All fusions to proposed periplasmic domains show high alkaline phosphatase activity with about the same activity for different fusions. In contrast, fusions to proposed cytoplasmic domains show activities that are slightly lower to 200 times lower than those of the periplasmic domain fusions.
The high activity of all fusions in which alkaline phosphatase is attached to a presumed periplasmic domain of malF indicates that each ofthe transmembrane segments preceding these domains is competent to initiate export of alkaline phosphatase. In this regard, these sequences act like the cleavable signal sequences of secretory proteins. Similar suggestions have been made for other integral membrane proteins (23) (24) (25) . Proteolysis and cell fractionation studies of one fusion strain in this class, 3-826, confirm the assumption that high enzymatic activity of the hybrid correlates with efficient export of the alkaline phosphatase moiety. We presume that the transmembrane sequences promoting export of alkaline phosphatase in the fusion proteins play a similar role in determining the topological structure of the native protein.
The alkaline phosphatase activity of a fusion to a MalF protein cytoplasmic domain depends on the position of the fusion joint within that domain. Fusions of alkaline phosphatase to the very amino terminus of a cytoplasmic domain (i.e., in which none of that cytoplasmic domain is included in the hybrid protein) show 7-to 20-fold higher activity than those more carboxyl terminal in the same cytoplasmic domain. This pattern suggests that cytoplasmic domain sequences help to anchor alkaline phosphatase in the cytoplasm in such hybrid proteins. In other words, the hydrophobic transmembrane segment itself is not the sole determinant of stable anchoring. We presume that these same cytoplasmic sequences that stabilize alkaline phosphatase in the cytoplasm in such hybrids contribute to determining the topology of the unfused MalF protein in an analogous way. We suspect that positively charged amino acid residues near the cytoplasmic ends of membrane-spanning stretches may play a primary role in stabilizing such stretches. An analysis of many integral membrane proteins by von Heijne (4) suggests that these charged residues are a common structural feature of such domains and that they may play a role in determining the orientation of the membrane-spanning segments.
Other features of the determinants of membrane protein topology are suggested by a comparison of fusions in which alkaline phosphatase is fused to cytoplasmic domains of MalF. In particular, the fusions to the cytoplasmic domain following the fourth membrane-spanning segment have 10-to 20-fold higher activities than the corresponding fusions following the second such sequence. We can imagine various factors that might contribute to this dramatic difference. First, it is possible that properties of individual membranespanning segments or the hydrophilic domains themselves determine the efficiency with which alkaline phosphatase is retained in the cytoplasm of the fusion strains. For instance, the fourth hydrophobic sequence is quite long (32 amino acids) compared to others oriented in the same direction. Conceivably, it is long enough so that an amino-terminal portion of it could span the membrane and a carboxylterminal portion act as a "signal sequence" in the cytoplasm allowing efficient export of alkaline phosphatase. Alternatively, the large periplasmic hydrophilic domain that precedes the fourth membrane-spanning segment may destabilize the membrane interactions at its carboxyl terminus. In both of these cases, it seems unlikely to us that these sequences would behave this way in an intact MaiF protein but rather function aberrantly in the absence of the remaining carboxyl terminus of the protein.
Second, it may be that interactions between domains are normally important in determining the topology of the protein. For example, close packing in the membrane of the first two transmembrane stretches could contribute to the stabilization of the fused alkaline phosphatase in the cytoplasm, whereas the fourth transmembrane stretch may have no such interactions available to it in the relevant fusion proteins. We expect that these alternatives will be distinguishable by the engineering of further derivatives of the fusion strains.
The alkaline phosphatase moiety of hybrid protein 3-826, a high activity fusion, is fully exported to the periplasm (Fig. 3) . Proteolysis and fractionation experiments with fusions having intermediate activity (such as 17-1) to determine the disposition of their alkaline phosphatase moieties have not been done. Two explanations for the alkaline phosphatase activity of these latter fusions are possible. The proteins may be efficiently localized to one compartment, periplasm or cytoplasm, and may have a specific activity lower than fusions such as 3-826. Alternatively, they may be partially exported and have a periplasmic fraction of high specific activity and a cytoplasmic fraction of low specific activity. Experiments with alkaline phosphatase signal sequence mutants (7, 26) suggest that the second alternative is likely to be correct. Cytoplasmic alkaline phosphatase is inactive and unstable. Stabilization of cytoplasmic alkaline phosphatase does not lead to increased activity or export. This finding suggests that cytoplasmic alkaline phosphatase may enter a nonexportable pool. The relative rates of export and entry into this pool may determine the level of activity of fusions with intermediate activity.
Our results suggest that isolating TnphoA fusions by transposition alone may not provide a complete analysis of complex membrane proteins that have small, but critical, cytoplasmic domains. Our in vitro oligonucleotide deletion mutagenesis approach may be a necessary adjunct to in vivo methods for studying such proteins. The properties of fusions generated in vitro can be directly compared to those generated by TnphoA transposition because the fusion joint segments are the same. As a general experimental approach, we believe that initial results with TnphoA fusions generated by transposition will allow construction of a working model, which can be tested with specific fusions at critical points generated by the in vitro method.
To use the oligonucleotide deletion method, one needs to begin with either a very late fusion or a fusion to a distal gene obtained in vivo. By using 40-to 50-mer oligonucleotides with one part complementary to the end of TnphoA and the other complementary to the target sequence, it is possible to recover the desired new fusions with high efficiency.
Fusions of the type described here replace the carboxylterminal part of the protein being studied with the probe alkaline phosphatase. The properties of such fusions are thus determined solely by the amino-terminal portion of the protein. In cases in which the arrangement of a membrane protein is determined by interactions between its aminoterminal and carboxyl-terminal portions, a fusion analysis may not give a valid picture of the final topology. In the case of the MalF protein, the finding that the longest malF-phoA fusion retains MaIF activity indicates that the MalF protein moiety has assumed its proper conformation in the membrane. The low alkaline phosphatase activity of this fusion indicates that the carboxyl-terminal domain of MalF is normally cytoplasmic as was originally predicted from the orientation of the rest of the protein. The results suggest, then, that alkaline phosphatase fusions are not, in general, disrupting the orientation of segments ofthe protein, since we obtain an internally consistent picture from this analysis.
The consistency of the results presented here and their coherence with results obtained from lacZ fusions to malF, in addition to our earlier results with a simpler membrane protein, indicate that the alkaline phosphatase fusion approach can be generally used to analyze membrane protein topology.
